Abstract-The Active Noise Controller (ANC) system described here implements a practical design that significantly decreases background noise of signals common to most portable audio devices. This is achieved by a mixture of conventional ANC blocks with less traditional implementations, including a combined FIR/IIR structure using switched-capacitor blocks such as summers, integrators, multipliers, and delays. The proposed design also works as a stand-alone system and it has been successfully implemented on a 1.2-m CMOS technology.
I. INTRODUCTION
A common problem of audio signals in portable devices (i.e., cellular phones, recorders, headphones, hearing aids) is acoustic background noise. Adaptive algorithms have the potential for providing better sound quality in noisy environments. Active Noise Controller (ANC) systems are among the most effective noise cancellation techniques. These systems require a separate microphone that picks up the noise. The signal induced by this microphone is passed through an adaptive filter and then it is subtracted from the noisy input signal. Although active noise control is an old concept [1] , new technology trends have enabled the development of better and more practical implementations [2] . ANC designs attempt to cancel unwanted noise by introducing additional electronically generated sound. This alternative is different from the most traditional technique, also known as "passive cancellation." Most types of cancellation systems use passive components; in fact, 99% of cancellation systems found today are passive [3] .
The concept of adaptive noise canceling has been well established by several authors,. started as early as 1957 by Howells and Applebaum [4] . In 1959, Widrow and Hoff developed the LMS adaptive algorithm [5] . The first adaptive noise canceling system was built in 1965 at Stanford University [6] . Since 1965, the use of adaptive noise canceling has been extended to other fields. Their success is widely known especially in the areas of electrocardiography, elimination of periodic interference, and echoes on long-distance telephone transmission lines. Fig. 1 illustrates the block diagram of the proposed feedfoward ANC system. Notice that the IIR filter can be routed to emulate two identical FIR filters. This technique has not been used in any noise cancellation system known to the authors. The main idea is to have a design with the flexibility to work as an FIR or IIR filter. This is an added advantage since FIR filters are known to be always stable for bounded coefficients. The system also functions as an IIR, which offer much-reduced computational load for the same performance. In other words, resonant behavior and sharp transitions between passbands and stopbands can generally be obtained by using IIR filters with a smaller total number of filter coefficients than FIR filters. This is possible because its transfer function has both poles and zeroes. This is a great advantage over other designs since reduced area and minimum power are extremely important, especially in portable applications. There are several alternatives on how to switch between IIR and FIR configurations. First, the system could be realized with a manual switch. A more involved solution is the design of an automatic switch that starts with an FIR configuration. If the adaptive system weights cannot adapt to the noise being sampled after a preset length of time, this automatic technique would toggle the switch to the IIR position. This sequence is also desirable since it has been observed that IIRs have a higher convergence probability when it starts with suitable nonzero initial conditions. Finally, if the switch goes repeatedly from FIR to IIR, and vice versa, the system must be capable of holding the switch in the FIR setting.
II. PROPOSED ANC SYSTEM DESCRIPTION

III. DESIGN DESCRIPTION AND BUILDING BLOCKS
If the proposed ANC design is to be implemented using digital circuits, the system would require several additional blocks such as A/Ds and D/As, sample-and-hold, and reconstruction filters. In addition, they require a microprocessor to process the signals. On the other hand, analog blocks can implement a complete ANC architecture with a limited number of blocks. In addition, extra blocks to convert the signal from analog to digital (and viceversa) are not required. More importantly, several applications only require a handful of weights in order to be effective. Therefore, the proposed ANC system has been implemented using analog blocks. Fig. 2 shows the system as it was implemented on silicon. The system consists of two FIR blocks. By moving the switch to the other position, the filter becomes an IIR block. Note that when the switch is toggled in this position, the input for the second FIR block is now connected directly to e k . The building blocks for the ANC system are the amplifier, multiplier, integrator, summer, and delay. These blocks were designed to operate with a power supply of 62:5 V. The amplifier, multiplier, and delay line designs are explained in more detail next. A folded-cascode topology has been chosen for the fully differential amplifier. Fig. 3 shows the circuit schematic including the common-mode feedback and biasing circuit [7] . The amplifier was design to have high dc gain, high PSRR, and a stable transient response. The simulated and experimental results are summarized in Table I for a load of 10 pF at each differential output. The multiplier is another critical block since it must be valid for all four quadrants. The multiplier design is shown in Fig. 4 . This is a modified version of the Gilbert multiplier [8] . This structure has a better linearity and wider input range than other multipliers [9] . There are various types of delay lines reported in the literature. For this application, a delay line that is area and power efficient is needed. In addition, the delay preferably should not be serial. In other words, each output signal should not be a delayed version of the previous signal. A better option is to delay the input signal by 1, 2, 3 times and so on directly from the input signal. Therefore, any errors due to a given delay are not propagated through the delays that follow as described in [10] .
IV. SYSTEM SIMULATED AND EXPERIMENTAL RESULTS
The adaptive system was simulated using various levels of complexity (i.e., Matlab, SPICE). The results using SPICE transistor models are plotted in Fig. 5 . The curves on the plot correspond to an adaptive system with three weights, with their values updated by the LMS adaptive algorithm. Then, the system is compared against another FIR block, but with known weights. Thus, all adaptive weights must converge to the values set at the beginning. Notice how each weight value changes until it settles to its correct value. The weights for the fixed FIR were set to 0.4, 00.3, and 0.1, respectively. The input for the adaptive system is white noise sampled at the same rate as the other discrete blocks.
Finally, the proposed system was tested at the system level. The layout of the system was done on a single 4.84-mm 2 TinyChip as shown in Fig. 6 . Besides all the blocks presented earlier, several other blocks have been included such as buffers, nonoverlapping clock blocks and additional digital circuitry. The chip includes all the necessary blocks to implement one FIR with three taps or weights. In addition, it was implemented so that it can be connected externally to implement FIRs or IIRs with multiple-of-three taps.
In order to test if the system can attenuate the noise present in a real conversation, a female voice was recorded for 3.5 s. Then, the noise produced by a fan was also recorded. According to the observations drawn from real-life experiments, both the female voice and background noise were mixed together. The input signal d k had 50% of the female voice and 50% of the background noise, while the reference input signal x k had 95% of the background noise amplitude and only 5% of the female voice. If the reference input signal has a smaller percentage of background noise (i.e., 80% or less), the system cancellation technique is also less effective. However, even in those cases it will not add more noise to the output signal.
In order to test the overall effectiveness of the noise cancellation technique, the system was connected to realize a FIR/IIR with 30 taps. The experimental results are plotted in Figs. 7 and 8 , respectively. Four plots were grouped in each of the previous figures; from top to bottom they are: desired signal, noisy signal = desired signal + noise, filtered signal or ANC system output signal and error signal = desired 0 filtered signal. Notice the difference in the rate of convergence when the switch is either in the FIR or IIR position. More important than the convergence is the plot on the bottom of each of the previous figures where the error for the IIR configuration converges to a value that is noticeably lower than the one for the FIR. However, the FIR configurations must be applied in cases when the IIR setting becomes unstable. This example clearly shows the advantages of using an ANC system to reduce background noise. Note that the system works effectively, suppressing periodic noise signals. However, it is not as efficient when the inputs are not repetitive in time because there is not enough time for the algorithm to learn and produce the "anti-noise" that cancels unwanted signals. 
V. CONCLUSION
An ANC system was introduced, which was implemented using only analog blocks. The design was realized on a single 4.84-mm 2 TinyChip. Based on calculations of the current effective layout area, it is possible to implement up to 20 taps on a single microchip, including all the blocks that are required to make the design a stand-alone system. We also provided real-life experiments that proved that noise cancellation is feasible with a handful of adaptive weights (20 or more). ANC systems have a wide range of applications such as cellular phones, headphones, portable audio players, hearing aids, and hearing protection gear. Therefore, ANC systems can be used to minimize noise levels at home, office and everywhere else such as in automobiles, restaurants, shopping malls, and schools.
